Robustness analysis of seismic pile response of a structure-pile-soil system with uncertain soil properties is presented in this paper. The uncertainties of soil properties are extremely large compared to superstructures and inherent. The upper and lower bounds of the bending moment of a pile are investigated by means of the previously proposed uncertainty analysis method (Updated Reference-Point method). Soil stiffnesses and damping ratios as uncertain parameters are treated as interval parameters.
Introduction
Soil-pile-structure systems include various and large uncertainties compared to superstructures (for example, see [1] [2] [3] [4] ). The main sources of uncertainties are from properties (stiffness and damping) of soil, effective confining pressure, soil-pile interaction, pile-soil-pile interaction, layered soil geometrical irregularity due to lack of measurement data etc. Especially properties (stiffness and damping) of soil seem a central concern of structural designers. The strain dependency of soil properties is investigated through in-situ experiments recently [3] . What the structural designers would like to know is the upper and lower bounds of earthquake responses of piles and superstructures under these uncertainties.
Although soil properties are often explained in terms of probabilistic measures (see for example [1, 2, 4, 5] ), the amount of data available in the design stage at a specific site is very limited. In such situation, it may be appropriate to express the uncertainties in terms of possibilistic measures called interval parameters.
In this paper, a soil-pile-structure interaction system subjected to an engineering bedrock input ground motion is considered [6] [7] [8] [9] [10] [11] and the soil properties (stiffness and damping ratio) are treated as interval parameters (see [12] [13] [14] [15] ). Then the upper and lower bounds of its earthquake response are evaluated. This problem is a kind of interval analysis problems. An innovative method for interval analysis for the non-deterministic response has been presented even for large intervals by using second-order Taylor series expansion [15] . The possibility has been taken into account of occurrence of the extreme value of the objective function in an inner feasible domain of interval parameters. The critical combination of uncertain structural parameters has been determined by the approximation using second-order Taylor series expansion.
A response spectrum method due to Kojima et al. [10, 11] is used in this paper for evaluating the maximum seismic pile response. In order to investigate the accuracy of the method used in this paper, the upper bound derived by GA (Genetic Algorithm) is compared with the result by the present method.
Application of Interval Analysis to Seismic Pile Response for Uncertain Ground Properties
The estimation of the upper bound of the structural response considering various uncertainties of the structure-pile-soil system is useful in the design procedure. In this section, the Updated Reference Point (URP) method developed by the present authors [15] is applied to the seismic pile response.
The structure-pile-soil system used in the present uncertainty analysis was introduced in the previous research [6] [7] [8] . In the pile-soil system, an efficient finite-element model (FEM model) with the Winkler-type springs [6, 7] was used and the FEM model was extended to the model including the strain-dependent soil properties [8] . A 10-story super-structure is investigated in this paper. The fundamental natural period 1 B T is 1.0(s) for fixed base. The floor mass of the building for a single pile is 10 A complex-domain response spectrum method (RSM) [10] is employed here in the evaluation of the maximum seismic pile response of the structure-pile-soil system to the ground motion defined at the engineering bedrock surface as an acceleration response spectrum (damage limit level input [10] ). The accuracy and reliability of this β of e V and e β are given by the equivalent linearization using the RSM for the free-field ground [16] . Although the shear modulus can be used as an interval parameter, the shear wave velocity is employed here because the shear wave velocity is usually obtained directly from the standard penetration test. Two ground models (ground models A, B) used in [10, 11] are treated here and those are modeled by using the finite elements divided by 1.0 meter depth.
The index in ground model A is 1, , 37 i =  , and that in ground model B is 1, , 29 i =  .
Two different cases are investigated for ground models A and B (see [10] ). Case 1 employs e V and e β of both the free-field ground and the interaction springs as the uncertain parameters. On the other hand, case 2 adopts e V and e β of only the interaction spring as the uncertain parameters. In case 1, the variation of ei V and ei β influences the free-field ground and the interaction spring at the i-th soil layer. The forces to the pile as an excitation caused by the free-field ground displacement are influenced greatly. In case 2, the equivalent shear wave velocities and damping ratios of the free-field ground are fixed as the nominal value. In this case, the uncertainty in the evaluation of equivalent stiffnesses is caused mainly by the difference between the seismic response of the free-filed and that of the soil near pile.
Uncertainty analysis of bending moment at pile head
Since the maximum bending moment at pile head is generally a principal concern in the pile design, the maximum bending moment max M at pile head evaluated by the RSM is defined as the objective function of the uncertainty analysis. A detailed formulation of a complex-domain RSM can be found in [10] . The upper and lower bounds of the maximum bending moment at pile head are estimated by applying the URP method [15] to both ground models A and B. Table 1 summarizes the results of the uncertainty analysis using the URP method.
In this table, the maximum bending moments at pile head in case of the lower limit 
Variation of kinematic and inertial effect caused by uncertainty of soil profile
The maximum values of the kinematic and inertial interaction effects of the seismic pile response can also be evaluated approximately by applying the RSM [10] .
A detailed procedure for evaluating the kinematic and inertial interaction effects in the structure-pile-soil system can be found in [10] . In this section, variations of the kinematic and inertial interaction effects for the lower bound, nominal and upper bound for the bending moment at pile head are investigated in both cases of case 1 and 2 for the ground model A.
In Figure 1(a) , the comparison of the variation of kinematic and inertial interaction effects at pile head are shown as bar plots. The solid line with circles represents the variation of the total pile-head bending moment. The maximum value of the total response described in this figure coincides with the upper bound in ground model A derived by the URP method in Table 1 . As seen in Figure 1 
Uncertainty analysis of pile bending moment along whole depth
Given a possibility of soil liquefaction after an earthquake disaster, the bending moment of piles may be amplified in the underground. In this case, the upper and lower bounds of the pile bending moment along the overall depth may be important.
The proposed uncertainty analysis method via the URP algorithm is applied here where the objective function ( 1, 2, ,37) i M i =  , the maximum bending moment at every node, is changed sequentially along the overall depth for the ground model A. at pile head is relatively small compared with that by the URP method (see Table 1 ).
An optimization approach is effective to solve such a problem, but it usually requires a long calculation time. On the other hand, the URP method can be used to estimate the upper bound of the objective function in an allowable evaluation time. From the accuracy validation by the comparison with GA, it can be concluded that the URP method is a useful bound analysis method in the structure-pile-soil system subjected to the damage-limit ground motion. 
Conclusions
The worst combination of uncertain soil properties to maximize the seismic pile response has been investigated by an uncertainty analysis approach. The conclusions are summarized as follows.
(1) Under the condition that soil properties (stiffness and damping) are treated as uncertain parameters, the maximum pile bending moment at pile head in a structure-pile-soil system has been evaluated by the complex-value domain response spectrum method considering the modal correlation. The ground motion has been defined at the engineering bedrock surface. It has been shown that the upper and lower bounds of the pile-head bending moment and related bending moments at other depths can be computed effectively by using the advanced uncertainty analysis method called the Updated Reference-Point method (URP method).
(2) It has been shown that the present method can be applied to the problem in which the pile bending moment at an arbitrary depth is treated as the objective function for maximization. has been compared with those by the URP method. It has been confirmed that the URP method can be applied to the seismic pile response in terms of the structure-pile-soil system within an acceptable accuracy.
